Developing an online monitoring system becomes useful for continuously detection of tritium in water. A plastic scintillator chamber was used to tritium detection in hydrogen gas produced by a proton exchange membrane electrolysis cell. The fractionation factor (proton selectivity) was estimated as being of 5.41 ± 0.20, and detection efficiency of the plastic scintillator chamber was 4.25 ± 0.22%. For liquid samples, the minimum detectable activity of the developed system was estimated as 655 kBq L −1 . Using this online technique for tritium monitoring based on electrolysis is expected to be useful for analysis of large tritiated water bearing samples.
Introduction
Tritium ( 3 H or T) is typically generated via one of the following ways: natural reaction via a cosmic ray by interacting with 14 N in atmosphere, nuclear testing, neutron activation of 6 Li and released from the nuclear power plant [1] . The production pathways generate different chemical forms of the tritium presence in nature, both gaseous (T 2 , HT) and aqueous (HTO, T 2 O), and different chemical species such as atomic tritium, triton (T + ) or more spreadly tritonium (H 2 TO + , T 2 HO + and T 3 O + , the last two being much less commonly encountered). Tritium release after Fukushima Daiichi accident is concerning and monitoring technology for large amount of tritium-in-water is required [2, 3] . Being a pure beta-minus emitter, with maximum and average energies of 18.6 keV and 5.7 keV, respectively [4] , its most stable chemical form in the given conditions, i.e. tritiated water (HTO) will be easily determined using Liquid Scintillation Counting method (LSC) [5, 6] . The LSC is suitable for tritiated detection of an environmental sample because of its high efficiency for tritium measurement and low minimum detectable activity (MDA). However, using a liquid scintillator to analyze large amount of tritiated water sample such as continuous monitoring is not recommended because toxicity of the liquid scintillator is very high [7] , resulting in generation of large amount of organic waste. To analyze the environmental aqueous sample, a few liters of water are sampled for each sampling point and date, and the counting vials are prepared for each sample including purification, bleaching, enrichment and mixing with the liquid scintillator [8] . Because a time-expensive radiochemical process is required and organic waste is produced during pretreatment using organic compounds and thus preparation of counting vials, LSC is not suitable for continuous and large-area monitoring of tritiated samples [9] . A few studies about the tritium measurement without using organic compounds have been carried out to overcome these problems; for example, beta-ray induced x-ray spectroscopy, lithium glass or plastic scintillator detector were used to detect the gaseous tritium in nuclear power plant [10] [11] [12] [13] . However, these studies were focused on the replacement of liquid scintillator but not on the continuous measurement. Development of a proton exchange membrane (PEM) electrolysis-based tritium monitor has been carried out by using a gas-flow proportional counter [14] . However, the gas-flow proportional counter has been shown to consume a quenching gas comprising methane and argon. Thus, in consideration of the constant need for consumables, it is not suitable for continuous monitoring and analysis of large tritiated samples.
In this study, an online continuous monitor for large tritiated water samples was developed by using PEM electrolysis cells and plastic scintillators. PEM cells generate hydrogen gas through the electrolysis of water [15] , and PEM cell-based electrolysis is catalyst based, with the PEM playing the role of the electrolyte. Because there is no need to add an additional electrolyte, it is environmentally friendly and reusable. A plastic scintillator, which does not generate many bremsstrahlung radiation and has low probability of interacting with external gamma rays because of low atomic number (< 4), volumic mass density (~ 1 g cm −3 ), and resistance to moisture, was selected as the tritium detecting material [16] . The proposed system can continuously monitor tritium in the water without consuming disposable products or polluting the environment with hazardous materials. The tritium ratio in the generated hydrogen gas was characterized, and a primeval detector was developed to measure the electrolyzed gas, as was presented in a previous work [17] . This study focuses on the development of an integrated system as a complete instrument, and offers a new approach to evaluate the characteristics of tritium produced via electrolysis, in terms of concentration.
Theory
Electrolysis has been used in radiochemistry to enrich the tritium in water in order to measure extremely low levels of tritium [18] . Therefore, the hydrogen gas produced via conventional electrolysis does not contain much tritium, and most of the tritium remains in the water. In contrast, the hydrogen gas produced via PEM cell-based electrolysis contains more tritium than that produced via conventional electrolysis techniques. Soreefan's work showed that the produced gas using the PEM cell-based electrolysis contained 5.5 times more tritium than conventional methods [19] .
Using PEM cells to monitor tritium in water offers two advantages. One is reduction of the self-absorption effect by gasification. The detection efficiency of tritium in water that can be realized by using a solid scintillator is very low because the scintillator emits beta rays with extremely low energy less than 18.6 keV and has a very large self-absorption effect. The other is the minimization of radionuclide disturbance caused by contaminants, as it undergoes a purification process before entering the PEM cell, and hydrogen gas is generated in the PEM cell; thus, the possibility of radionuclide mixing problem is very low. Although the PEM cell has these advantages, concentration changes due to gasification and ratio of proton-triton selectivity (fractionation factor) should be considered. The tritium concentration in an electrolyzed gaseous sample (T gas ) is defined as shown in Eq. (1).
(1)
where T liquid , κ, β, and C e are the tritium concentration in the liquid sample, the hydrogen volume correction factor during the electrolysis, the fractionation factor and the electrolysisbased liquid-to-gas conversion factor, respectively. The relationship between the tritium concentrations of liquid and gaseous hydrogen was expected to be linear, meaning that the slope would be the conversion factor (C e ). The hydrogen volume correction factor was 7.36 × 10 −4 in 25 °C at 1 atm, and the fractionation factor will be determined via experimentation. The conversion factor is used to convert the measured concentration of the gaseous tritium in produced gas into concentration of the aqueous tritium, which is its original form. The specific efficiency (ε area )-efficiency per unit area of the plastic scintillator-is defined as shown in Eq. (2).
where CR and A are the counting rate recorded by the plastic scintillator, and the surface area of the plastic scintillator, respectively. The specific efficiency was defined as a parameter of the detector performance to compare with other detector with different geometry. Singh's work reports that the specific efficiency for gaseous tritium was 9.01 × 10 −9 cps (Bq L −1 cm 2 ) −1 [20] . From Currie MDA equation, the MDA for liquid sample measurement (MDA liquid ), when the measurement time of the sample and background is same, and estimation of the detection efficiency are defined as shown in Eqs. (3) and (4); where B, T, V, ε are the background counts, measurement time in seconds, volume of the detection chamber in liter, and detection efficiency, respectively. The MDA liquid is a system performance indicator that how low tritium concentration can be detected by this system. These factors, in conjunction with the fractionation factor, were characterized to correctly estimate the MDA. Figure 1 shows a conceptual diagram of the developed system. The water sample is collected by using a pump. The collected sample is then filtered by using a deionization filter before being stored in a water tank. A peristaltic pump
Experimental
is used to transport the deionized water to the PEM-based electrolysis cell. Then, the remaining water and oxygen generated after the electrolysis are resupplied to the water tank, and the oxygen is exhausted. Next, the produced hydrogen gas is transported to the tritium detector chamber through the water trap. The water trap then removes the overflowing water and the moisture in the hydrogen gas. Finally, the measured information (counting rate, background information, etc.) is recorded by a data acquisition (DAQ) system. Figure 2 shows a detailed design schematic of the tritium detection subsystem. The sample chamber includes an acrylic structure and a pair of plastic scintillators. The plastic scintillators were optically coupled to photomultiplier tubes (PMTs) that were manufactured by Hamamatsu photonics (R878). Each PMT is mounted on a PMT socket which is integrated with preamplifier (276, Ortec, Inc.), and high voltage (556, Ortec, Inc.) and power (4006, Ortec, Inc.) was externally supplied. The output signal was shaped and amplified by using a shaping amplifier (855, Ortec, Inc.). Two timing single-channel analyzers (SCAs) with different time delays and a time-to-amplitude converter (TAC) were employed to perform a coincidence [21] . The time difference between the two timing SCAs was determined and analyzed by using a TAC to discriminate between signals caused by random noise and a recorded light signal from the PMTs. The output signal from the TAC was analyzed by using a multi-channel analyzer (MCA) and a DAQ system; the range of interest, which was determined as based on analysis of the TAC output spectra, is the range within which the noise signal was minimized, was set as 450-550 channels. Figure 3a is a picture of the tritium monitoring setup; Fig. 3b is a picture of the interior of the dark case in Fig. 3a , and shows the detection chamber for the tritium gas. In this system, the produced hydrogen gas is transported through a stainless-steel tube. An ionization chamber-based tritium monitor was connected to the detection chamber exit to monitor the tritium concentration of the exhausting hydrogen gas for relative calibration of the developed detection chamber.
A 10-stack PEM cell equipped with a Pt-Ir catalytic electrode (WESPE Co., Ltd.) was used in this study. The applied current was fixed at 7 A, and although the applied voltage varied depending on the degree of membrane wetting and the temperature of the sample, the average value was 18 V. Producing rate for the hydrogen gas was 660 cm 3 min −1 for the electrolysis condition, and its corresponding electrolysis rate for the aqueous source was 29.2 mL h −1 . The operating temperature and pressure were 25 °C and 1 atm.
Two experiments were carried out in this study. The first one was characterization of the fractionation factor of the PEM-based electrolysis cell. Tritiated water samples with knowing concentration were prepared and measured using LSC. The fractionation factor of the tritiated water from the low to high concentration should be constant to use the proposed method. If the fractionation factor were not same nor linear, it is difficult to estimate the tritium concentration in the original aqueous form. The second one was continuous measurement test. The experiment was a simulation of practical application in field. A large amount of sample with knowing concentration was prepared and electrolyzed. The (1) Six spiked water samples were prepared for the electrolysis technique to characterize the fractionation factor and verify the linearity of the tritium concentration in the gaseous sample. The tritium concentrations for the liquid samples were 156 ± 3 (S1), 552 ± 11 (S2), 912 ± 19 (S3), 1296 ± 26 (S4), 1710 ± 35 (S5), and 2173 ± 44 (S6) kBq L −1 . The concentrations of these sources were estimated by using a well-calibrated LSC. Each liquid sample was electrolyzed, and the produced tritiated hydrogen gas was collected into a gas sampling bag with a capacity of 3 L. The tritium concentrations of the collected samples were measured by using an ionization chamber-based tritium monitor (β-ionix, Premium Analyse). (2) 1 L of 7500 kBq L −1 of each sample was prepared for subsequent continuous measurement experiments. 1 L of deionized water was initially electrolyzed and detected for 15 min, before and 1 ml of the 7.5 MBq ml −1 tritium standard source was introduced to the deionized water. After 1 h of measurement, entire flow path was washed at least 6 times using deionized water, and the measurement was continued. Results and discussion Figure 4 shows the calibration curve (or line) for liquid water and gaseous tritium concentrations that were used to characterize the electrolysis power of the PEM cell. The relationship between concentration of the tritiated water and gaseous tritium was linear, having a correlation coefficient R 2 value of 0.994. It is important to highlight that the linearity of the tritium concentration of the electrolyzed hydrogen gas and R 2 coefficient ≅ 1 corresponds to reaching minimal errors, as a result of employing the electrolysis method as a pretreatment method. Additionally, the slope of this line represents the electrolysis-based liquid to-gas conversion factor (C e ) as presented in the "Theory" part, and was estimated as being of 0.1362 ± 0.005 [(kBq m −3 )gas/(kBq L −1 )liquid]. Solving Eq. (1) presented in the "Theory" part, yielded an estimated fractionation factor of 5.41 ± 0.20, whereas Soreefan and Deval reported the value of 6.6 ± 0.7 [19] . There are two main reasons to explain why a different value was obtained. One is the difference in the estimation methods. In the work of Soreefan and Devol, the volume was calculated as based on the volume before and after the water was electrolyzed, whereas in this study, water samples with various tritium concentrations were used to derive the relationship between the concentrations of liquid and gas, which was used to estimate the factor. Furthermore, Soreefan and Devol's work may contain volume measurement errors; however, in this study, the error was minimized by using an LSC to perform radioactivity analysis. Secondly, there were differences in the experimental condition (e.g., manufacturer of the PEM cell stack, length and material of flow path, with or without pump for the PEM cell). For these reasons, it is not appropriate to compare direct numerical differences between two studies. Both electrolysis cells showed similar levels of fractionation factor, and the evaluation method used in this study can be used with lower relative error should be focused. If the system is reproduced, the fractionation factor must be evaluated before operation. Table 1 represents the parameters used in the second experiment (the continuous measurement), and the estimated detection efficiency, specific efficiency and the MDAs obtained on the monitor system. The detection efficiency was estimated using Eq. (4). The specific efficiency was estimated as 1.16 × 10 −8 cps (Bq L −1 cm 2 ) −1 , and was improved by 29% relative to the value of 9.01 × 10 −9 cps (Bq L −1 cm 2 ) −1 obtained by Singh et al. [20] .
As Fig. 5 shows, the maximum counting rate of the tritiated water sample (322 cpm) was significantly higher than that of the deionized water control (240 cpm). Approximately 45 min were required for the counting rate to reach a steady state. This time duration includes the time required for the tritium to mix with the existing deionized water in the sample container, and the time required for the hydrogen Fig. 4 Calibration curve for liquid and gaseous tritium concentrations that was used to characterize the electrolysis of the PEM cell 89 MDA for liquid tritium (kBq L −1 ) 655
Fig. 5
Results of continuous measurement of the counting rate gas produced after electrolysis to reach the detection chamber. It is undesirable to apply negative pressure by using a pump, as this may damage the electrolytic cell. Furthermore, if the amount of generated hydrogen gas can be changed by adjusting the current, the desired response time can be achieved. The counting rate after 45 min was slightly increased because the tritiated water was enriched during electrolysis. The increase was within the range of error and increase of tritium concentration in the sample container was possible due to enrichment by electrolysis. The water in the sample container was overflowed from the anode to the cathode during electrolysis even more than the decomposition rate. Because of this, the amount of water remaining in the sample container was small and tritium enrichment was accelerated. In practical use, the water sample will be continuously supplied to the sample container and will not have a significant effect because the sample container always contains a large amount of sample. The MDA for the liquid sample was estimated as 655 kBq L −1 under the condition of a measurement time of 60 min. Although there are currently no commercially available on-line continuous tritium monitors, the detection limits of the monitor developed in this study was compared to various commercially available models. The MDA of a commercially available off-line real-time tritium monitor (SSS-33M81, technical-associates) was 740 Bq L −1 at the background counting time of 24 h, whereas that of the proposed system was 133 kBq L −1 at the same counting time. The response time when a sudden high-activity contamination occurred was relatively short (~ 45 min). Sudden changes can be detected if they are installed at a point where there is a potential for tritium leaks, at the drain of the nuclear facilities. In addition, unmanned long-term autonomous operation is possible. In general, there are some differences between the products, deionizing filter and PEM-cell can be used for tens of thousands of hours unless sea water is used [22] . The MDA is room for further development and optimization. For instance, the volume of the detection chamber can be increased to suit 3″ or 5″ PMT. In another way, if the background counting rate can be reduced to 0.25 cps by applying a lead shield [16] , an MDA of 12 kBq L −1 could be realized under the condition of the measurement time of 24 h.
Conclusions
An on-line system for the continuous monitoring of tritium in water was developed in this study. The system included a PEM-based electrolysis setup, which was purposed to avoid distortion with other radionuclides, and a plastic scintillator for low-energy beta ray measurement. Parameters related to electrolysis (e.g., the fractionation factor) and radiation measurements (i.e., the detection efficiency and MDA) were characterized. The proposed tritium detection method yielded a specific detection efficiency that is 29% higher than that reported by previous authors. Although the estimated MDA is quite higher than that of commercially available off-line tritium monitors, the proposed on-line monitor for tritiated samples was demonstrated to offer many other advantages. Because the system was found to be suitable as a tool to analyze large tritiated samples, it is expected that the proposed monitor can be used to perform autonomous nonstop continuous on-line tritium monitoring which does not require human intervention. This system is expected to be applied as a tritium-in-water monitor to investigate a leakage in nuclear facilities and check the status of tritium production facilities. Furthermore, it was determined that a lower MDA can be obtained by increasing the detection efficiency and the volume of the detection chamber; these modifications are expected to enable the wide use of the proposed monitor as a tritium detector. 
